A series of Pd-complexes containing nonsymmetrical bis(aryl-imino)acenaphthene (Ar-BIAN) ligands, featured by substituents on the meta positions of the aryl rings, have been synthesized, characterized and applied in CO/vinyl arene copolymerization reactions. Crystal structures of two neutral Pd-complexes have been solved allowing comparison of the bonding properties of the ligand. Kinetic and mechanistic investigations on these complexes have been performed. The kinetic investigations indicate that in general ligands with electron-withdrawing substituents give more active, but less stable, catalytic systems, although steric effects also play a role. The good performance observed with nonsymmetrical ligands is at least in part due to a compromise between catalyst activity and lifetime, leading to a higher overall productivity with respect to catalysts based on their symmetrical counterparts. Additionally, careful analysis of the reaction profiles provided information on the catalyst deactivation pathway. The latter begins with the reduction of a Pd(II) Ar-BIAN complex to the corresponding Pd(0) species, a reaction that can be reverted by the action 
For the first time we introduced nonsymmetrical Ar,Ar′-BIANs featured by different aryl rings substituted in meta position on the two N-donors. 16 The organometallic palladium complexes, Ar-BIAN), were applied as catalysts in CO/vinyl arene copolymerization. We found that moving the substituents on the aryl rings of Ar-BIAN from the ortho to the meta positions resulted in an enhancement of productivity of more than two orders of magnitude, and a productivity value of 3.70 kg CP/g Pd was reached. 17 Polyketones with an atactic microstructure and Mw of 47000 (Mw/Mn = 2.0) were produced. Both productivity and molecular weight were affected by the nature and the number of substituents on the showed a higher productivity and a higher content of the inserted polar monomer with respect to those with the related symmetrical ligands. 18 These catalytic results suggest that the subtle unbalance of the electronic and steric properties of the N-donor atoms of the Ar-BIAN ligands has a positive effect on the catalyst performance and, thanks to the similarity between these two copolymerization reactions, it might indicate the validity of a more general principle.
With the aim to unravel the nature of the different catalytic behavior of complexes with symmetrical and nonsymmetrical Ar-BIANs we have chosen the CO/vinyl arene copolymerization as model reaction and on palladium complexes with selected ligands (Figure 1 ) we have performed:
1. kinetic investigations; 2. the related modelization; 3. in situ NMR mechanistic studies on the reactivity of the complexes with the comonomers. In addition, with these purposes the series of nonsymmetrical ligands has been extended to a new component, ligand 3, featured by one aryl ring substituted in meta and para positions with methoxy groups and the other aryl ring having fluorine atoms in the meta positions. 
Results and Discussion

Synthesis and characterization of the new ligands and the related Pd-complexes
Ligands 3 and 7 are reported here for the first time. The synthetic methodology for ligand 7 is based on the well known condensation reaction of acenaphthenequinone with 3,5-difluoro aniline in the presence of ZnCl 2 as templating agent. 19, 20 The synthesis of the new nonsymmetrical Ar,Ar′-BIAN 3 was performed by the transimination reaction between the zinc derivative of ligand 7 and 3,4,5-trimethoxy aniline (Scheme 1), similarly to what was previously described by some of us for other nonsymmetrical Ar,Ar'-BIAN derivatives. 16 The reaction proceeds quickly and the mixed ligand could be isolated in 52 % yield after chromatographic purification. It should be noted that previously mixed ligands had only been obtained by this methodology when the starting compound had two trifluoromethyl groups on each aryl ring, according to the idea that electron-withdrawing substituents on the starting Ar-BIAN should render transimination easier. The present result indicates that even less electron-withdrawing groups can be efficiently used in this protocol. Scheme 2. Synthetic pathway for the monocationic complexes 1b-7b and the numbering scheme for both neutral and monocationic derivatives.
Ligands 3 and 7 and the related palladium complexes were characterized in solution by NMR spectroscopy. For Ar-BIANs, (E,E) and (E,Z) isomers are possible regarding to the relative configuration of the aryl rings with respect to the C=N imine bonds. In general, only the E,E isomer is observed for symmetrical Ar-BIANs, 19 but a variable amount of the E,Z isomer is always found in the case of nonsymmetrical Ar,Ar′-BIAN derivatives [16] [17] [18] 20 and for alkyl-BIANs. 22, 23 For both ligands 3 and 7, the 1 H NMR spectrum recorded at room temperature in CDCl 3 and CD 2 Cl 2 , respectively, indicated the presence in solution of the E,E isomer only.Though this was expected for the latter, it is surprising for the former. The NMR characterization of complexes 7a and 7b was in line with data reported in the literature for analogous compounds with symmetrically substituted Ar-BIANs. 12, 17, 18 In the case of complexes 3a and 3b, bearing the nonsymmetrical ligand 3 on palladium, in analogy with what we reported for complexes 1a, 2a and 1b, 2b, 17 cis and trans isomers were observed in solution differing in the relative position of the Pd-CH 3 fragment with respect to the two halves of the ligand. We define as trans the isomer having the Pd-CH 3 fragment, or more generally the Pd-C bond, trans to the Pd-N bond of the aryl ring substituted with electron- 0/+ Y = Cl, CH 3 CN cis 16 16 withdrawing groups (Scheme 2). According to the 1 H NMR spectra the trans to cis ratio was 3:1 groups in meta position, has already been reported, 24 thus allowing a comparison of its structural features with those of 1a and 3a.
In the crystals of complexes with the nonsymmetrical Ar,Ar′-BIANs 1 and 3, only the trans isomer was detected in the unit cell ( Figure 2 , appears to be stronger bonded to palladium, as a result of lower steric hindrance and electronwithdrawing effect of F with respect to CF 3 . This is also supported by the corresponding values measured for the Pd-N2 bond distance, trans to chloride, that is the shortest among the three (2.042(5) Å for 3a vs 2.063(7) and 2.073(5) Å for 1a and 5a, respectively).
Another similarity in the structural features of the studied complexes is concerned with the orientation of the substituted phenyl rings with respect to the BIAN plane. The dihedral angle between the BIAN plane and the aryl ring on the side of the Pd-Cl bond falls in the range 52.5 -64.5°, while that on the side of the Pd-CH 3 bond is 76.4 -80.06° indicating the aryl ring almost orthogonally oriented with respect to the BIAN plane. These values indicate a greater conformational freedom on the Pd-Cl side than on the Pd-CH 3 part reasonably due to the less steric hindrance of chloride with respect to that of the methyl group.
For the complexes with the nonsymmetrical Ar,Ar′-BIANs, the preference, both in solution and in solid state, towards the trans isomer is in agreement with the literature data on palladium complexes with bidentate nitrogen-donor ligands having electronically nonequivalent N atoms. 21, [25] [26] [27] [28] and with the general trend that the weakest ligand (here the nitrogen atom bearing the fluorine substituted aryl ring) is found trans to the stronger trans-labilizing ligand (here the methyl group). The opposite preference towards the cis isomer was observed in case of high steric hindrance around the palladium centre.
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Kinetic investigations and modeling
General outcome
We reported that the monocationic complexes 1b, 2b, 4b-6b generated active catalysts for the CO/styrene and the CO/4-Me-styrene copolymerization yielding the corresponding polyketones with an atactic microstructure. 17 Both productivity and molecular weight of the synthesized copolymers were affected by the nature of the substituents. Even though some differences in the order of productivity of the catalysts were observed for the two alkenes and the effect of the ligand nature was more pronounced in case of styrene than for 4-methylstyrene, for both alkenes the catalysts with the nonsymmetrical Ar,Ar′-BIANs 1 and 2 were found the most productive within the series. 17 In particular, with styrene, ligand 2 generated the most productive catalyst among those tested (3.70 kg CP/g Pd), while in the case of 4-Me-styrene the highest productivity was reached with the catalyst obtained from complex 1b (2.36 kg CP/g Pd). For both alkenes, the catalyst with ligand 1 showed a productivity remarkably higher than that of the catalysts with the related symmetrically substituted m Ar-BIANs, 4 and 5. The same trend was observed for the CO/styrene copolymerization catalyzed by 2b with respect to 5b and 6b, while in the CO/4-Me-styrene copolymerization the productivity obtained with 2b was slightly lower than that obtained with 6b
(1.64 kg CP/g Pd vs 1.95 kg CP/g Pd). 17 Moreover, in the CO/styrene copolymerization no formation of inactive palladium metal was observed, whereas in the case of CO/4-Me-styrene copolymerization catalyst decomposition was sometimes observed even in the presence of 1,4-benzoquinone. 17 To have a better understanding of the catalytic behavior of these complexes some kinetic investigations were performed by taking advantage of an automated parallel reactor (AMTEC SPR16), allowing to monitor the CO uptake during the copolymerization reactions. All the catalytic tests were carried out in 2,2,2-trifluoroethanol (TFE) in the presence of 1,4-benzoquinone (BQ;
[BQ]/[Pd] = 5), at T = 30 °C, under a preferential CO pressure of 5 bar, and with a ratio
[alkene]/[Pd] = 22000 for the runs involving 4-methylstyrene and 25000 for those with styrene. The large excess of the vinyl arene used ensures to be in conditions of pseudo-zero order with respect to the alkene even for longer reaction time.
As a general comment, depending on the nature of the ligand bonded to palladium, within the first 24 hours of reaction some catalysts show an almost linear dependence of CO uptake with time while others deactivate to a much higher extent. This catalytic behavior is different from that found by us for analogous palladium complexes with ligands belonging to the family of 1,10-phenanthroline 21 that over a range of 90 h showed a linear dependence of CO uptake with time, in agreement with the stronger coordinating capability of phenanthroline ligands with respect to that of Ar-BIANs. 20 The comparison of the CO uptake curves of precatalyst 1b with those of complexes 4b and 5b
having the corresponding symmetrical 
Set up of the kinetic modeling
Although the aforementioned differences in total productivity are well defined, a closer examination of the reaction profiles evidences that the reason for these behaviors is far from clear cut. In most cases productivity inversions are noted over time with different catalysts and some of those showing the lowest final productivity are indeed the most active in the early stages of the reaction, suggesting that catalyst deactivation plays a relevant role in the final productivity order.
In order to gain a better understanding of the kinetic outcome of the different reactions and of the productivity inversions mentioned above, we engaged in a mathematical modeling of the reaction profiles that could take into account both the chain propagation and the catalyst deactivation. The followed approach is not a standard one and several problems needed to be solved. In order to keep the article text as compact as possible, only a general description of the method employed is reported, whereas more details can be found in the Supplementary Information.
A general reaction pathway evidencing the catalyst decomposition is shown in Scheme 3. A palladium(II) species catalyzes the copolymerization reaction with a kinetic constant k p (the kinetic order with respect to the reagents has been left unspecified for the moment). Since the olefin is present in large excess and CO is continuously replenished, the concentration of both reagents is constant during the reaction and the rate depends only on the active palladium concentration, which decreases with time because of catalyst decomposition:
where k 1 is the apparent first order kinetic constant with respect to the active catalyst concentration.
Scheme 3.
Simplified reaction pathways for kinetic modeling.
Experimentally, the actual reaction rate is measured by the CO consumption (mmol/h), but in order to have the kinetic constants expressed in the usual (time) -1 units (for first order kinetics) it is better to divide the CO absorption (in mmol) by the reaction solution volume (V = 8 mL for all reactions).
That is:
where [Pd II ] depends on time.
As far as catalyst decomposition is concerned, it is well recognized that in the present catalytic system this is due to palladium(II) reduction, as supported by the fact that benzoquinone retards such deactivation by oxidizing back the palladium(0) complex (processes associated to k d1 and k -d1 in Scheme 3) and that metallic palladium is observed sometimes after complete catalyst deactivation. There is little doubt that the initial step for decomposition is the reduction of a single palladium(II) complex to palladium(0). Although several possibilities exist for such a process, it is almost surely described by a first order kinetic with respect to palladium(II). What occurs later is less obvious. Several papers have been devoted to the kinetics of metallic nanoparticles formation, but they usually focus on later stages of the reaction. 31, 32 As far as the early stages of decomposition are concerned, we can identify two general reaction pathways.
In the first pathway (path A in Scheme 3), the palladium (0) However, in those cases in which deactivation is limited, it can be approximated that benzoquinone concentration is essentially constant during the reaction. Under these conditions paths a and b can be respectively approximately described by a first and a second kinetics with respect to palladium(II) concentration (Scheme 4). Note that the exact identity of the inactive species formed during the decomposition is not known and differs between the two pathways. However, this is not relevant at all to the kinetic of the copolymerization reaction as experimentally measured.
Scheme 4.
[ The first order decomposition is described by equations 3 and 4: From eqs. 4 and 2, eq. 5 is derived, which leads to eq. 6 after integration.
where For the second order decomposition pathway, an analogous procedure leads to the equations:
Equation 10 corresponds to a logarithmic function that can again be modeled in Origin.
Fitting by integration of the 4-Me-styrene experiments run under 5 bar CO
The Even from a quick examination of Figure 6 it is clear that eq. 10 fits very well the data in the whole time region, whereas eq. 6 tends to underestimate catalyst decomposition (which is proportional to the second derivative of the CO absorption plot; see later) at the beginning of the reaction and to overestimate it later. The initial underestimation is especially significant. In fact, if the assumption that benzoquinone concentration is approximately constant was wrong, then catalyst decomposition should be slower than that calculated during the first part of the reaction, when benzoquinone is more abundant. This would result in the model giving an even worse fitting of the data and cannot justify the observed discrepancies. Thus it is clear that the process associated with path a must be discarded as a relevant deactivation mode for palladium, whereas the goodness of the fit obtained by modeling path b strongly supports its operation. It is worth noting that such a good fit was obtained with only two floating parameters, which would be unlikely to occur if the physical basis of the model were wrong. Table 2 .
A discussion of the k 1 and k 3 trends specific for this set of data can be found in the Supplementary
Information. However, we have developed a mathematical approach to obtain the desired data even for the three reactions that did not give a good fitting with the procedure described above and only the results of the full set of experiments will be described here.
The new approach, described in detail in the Supplementary Information, is based on the following considerations:
1) Since the CO pressure is kept constant and the olefin concentration is high enough that can be considered constant during the reaction (pseudo zero order kinetics with respect to both CO and olefin), the reaction rate is proportional only to the active palladium concentration.
The reaction rate as a function of time can be obtained by differentiating the CO absorption curve.
2) Given what said above, the opposite of the derivative of the active catalyst concentration with respect to time, corresponding to the second derivative of the CO absorption plot, is the rate of decomposition of the catalytic system.
Developing these concepts a series of parallel values for the k 1 and k 3 values could be determined and are also reported in Table 2 . We named the value calculated by this way k 1 ' and k 3 ' to distinguish them from those calculated by the fitting procedure described in the previous paragraph, although k 1 and k 1 ' should ideally be the same. A comparison between the k 1 and k 1 ' values in Table   2 for corresponding reactions shows that the agreement is excellent in three out of five cases ( [3,5- Even a qualitative inspection of derivative plots reveals that more active systems deactivate more quickly and also fits that electron-withdrawing substituents give more active systems. The activity and deactivation rates of the catalyst with [3,5-(CF 3 ) 2 C 6 H 3 ] 2 -BIAN, 5, as ligand, are striking.
Although on a long timescale 5b gave the worse conversion (see Figure 3) , from Figure 7 it appears that at short reaction times it affords by far the more active catalytic system, although the corresponding deactivation rate is also extremely high (Figure 8 ). In previous papers some of us have shown that the logarithm of the relative coordinating strength of substituted Ar-BIAN ligands shows a good correlation with the Hammett σ constants. 20, 38 When two substituents were present, the correlation was maintained if the sum of the two individual σ was employed, whereas ligands having different substituents on the two aryl rings followed the same trend if the arithmetic average of the Hammett σ constants for the two rings was employed in the correlation. 16 In general, this corresponds to employing for both symmetrical and nonsymmetrical ligands the value of Σσ/2 (where the sum is extended to all substituents on the two rings),which is also shown in Table 2 .
A logarithmic plot of k 1 ' with respect to Σσ/2 is shown in Figure 9 . From the plot it appears that as a general rule electron-withdrawing groups lead to more active systems, although a clean linearity of lnk 1 ' vs. Σσ/2 is not observed. Ligand 6 with six methoxy groups is that which deviates more strongly from the value expected based on its Σσ/2 and steric hindrance. In general, ligands having an aryl ring with three methoxy groups are those that fit less the correlation even for the reactions of unsubstituted styrene to be discussed in the following and [3,4,5-(CH 3 O) 3 C 6 H 2 ] 2 -BIAN is that which deviates more from the correlation even with the latter substrate. It should be considered that the methoxy group has strong and opposing inductive and resonance effects and the Σσ value appears to afford a worse quantification of the electronic effects of the trimethoxyphenyl group than for other substituents. It should also be recalled that the catalytic reactions were run in trifluoroethanol, a solvent that gives strong hydrogen bonds. The methoxy oxygen is a likely donor for such hydrogen bonds and their formation would result in a decrease of the electron-donating properties of the trimethoxyphenyl group. As a matter of facts, the data for trimethoxy-substituted ligands statistically deviate from the general plot in the direction expected for a more electron-poor ligand.
The quantitative agreement between k 3 ' and k 3 values is worse than in the case of k 1 , but this was expected because now even the approximations involved in the determination of the second derivative are involved. However, the trend is the same for both series of values and a logarithmic plot of k 3 ' vs. Σσ/2 is shown in Figure 10 (the corresponding plot of k 3 vs. Σσ/2 is reported in the SI). From the plots (Figures 10 and S4 ) it is evident that the presence of electron-withdrawing substituents leads to catalytic systems that deactivate at a faster rate (higher k 3 and k 3 ' values) and an approximately linear correlation with Σσ/2 exists. Again the methoxy-substituted ligands are those that statistically deviate more from the correlation.
Fitting of the data of the styrene experiments run under 5 bar CO
A series of experiments paralleling those just described, but employing unsubstituted styrene as substrate was also performed. The plots of some of the reactions were already reported in Figures 3-5 . The plots of all reactions are reported in the Supplementary Information (Figure S10 ). The experiment using 3,5-(CF 3 ) 2 C 6 H 3 ;3,4,5-(CH 3 O) 3 C 6 H 2 -BIAN, 2, as ligand gave some problems and has been discarded.
The data were subjected to the same mathematical treatment as described for the 4-Me-styrene reactions. Given the negative results previously obtained with the first order decomposition model, only the fit to the second order one was performed. The same three ligands that had failed to give data series that could be fitted by eq. 10 in the case of 4-Me-styrene also gave a poor fit in the present case, which leaves only four data points for which very good results were obtained. The calculated values of k 1 and k 3 are reported in Table 3 and graphically represented in Figures S11 and S12 (Supplementary Information).
To get information even from the remaining three reactions, the same interpolation/differentiation procedure described for 4-Me-styrene was then applied. The corresponding derivative plots are shown in Figures S13 and S14 (Supplementary Information) .
From these plots, the k 1 ' and k 3 ' values can be calculated as described for the 4-Me-styrene reactions. Results are also reported in Table 3 and logarithmic plots of k 1 ' and k 3 ' vs.Σσ/2 are shown in Figures 11 and 12 , respectively. As for the case of 4-Me-styrene, only the most complete data series is discussed here, but a complete discussion of the results of the two data series can be found in the Supplementary Information. In general the data follow the same trend evidenced for the 4-Me-styrene experiments, that is electron-withdrawing substituents lead to more active but less stable, catalytic systems. A more interesting comparison can be made between the corresponding k 1 (or k 1 ') and k 3 (or k 3 ') values for the two substrates. In a previous paper in which some of the same ligands employed here had been tested, it had been noted that a higher productivity was obtained with unsubstituted styrene, 17 contrary to what was generally reported in the literature. 39, [40] [41] [42] [43] The new, more extensive, series of data supports this observation, but also shows that the higher activity is also associated with a faster deactivation, since not only k 1 , but also k 3 values are consistently higher in the case of styrene. To the best of our knowledge, an active role of the olefin in the deactivation process has not been proposed before. We will discuss this aspect in more detail later, after having reported the rest of the results.
The faster deactivation is responsible for the less good agreement between k 1 and k 1 ' and k 3 and k 3 '
values, since all approximations become larger.
Effect of CO pressure
To investigate the effect of the carbon monoxide pressure, selected reactions were performed under either 3 or 10 bar CO. The fitted values are reported in Table 4 , together with the corresponding k 1 '
and k 3 ' values, calculated as in the other cases. Note that the values for the reactions at 5 bar, already reported in Table 3 , are shown again here for an immediate comparison. The reactions under 5 bar are faster than those under 3 bar, but a further increase in pressure leads to a decrease in activity. 44 The additional information we get from the numerical simulations is that the decrease in productivity on going to 10 bar is not due to a faster catalyst deactivation in the last case. Indeed even k 1 or k 1 ' decreases at 10 bar and moreover the values of k 3 and k 3 ' increase on going from 3 to 5 bar, but are of the same order of magnitude for reactions run at 5 or 10 bar.This indicates that the rate of deactivation is higher under 5 rather than 3 bar of CO, but no faster deactivation takes place at higher CO pressures. Thus, the decrease in activity in the latter case is due to the inhibiting role of CO. This is a phenomenon well known for this reaction and the value of CO pressure at which this effect becomes evident depends on the catalyst nature, if dicationic 45 or monocationic 21 precatalysts are applied, and on the nature of the ancillary ligand bonded to palladium.
21, 46
Effect of a longer reaction time and a larger amount of benzoquinone
The effect of a longer reaction time was investigated by running selected reactions for 70 h instead observed in all cases after about 3.2 mmol CO have been absorbed is due to the polyketone precipitation in the reaction mixture with the switch of the catalytic system from homogeneous to a mixture of homogeneous and heterogeneous species, each of them displaying its own kinetic behavior. This phenomenon was previously pointed out in both the CO/ethylene 47 and CO/vinyl arene copolymerizations. 43 Thus, this decrease cannot be described by our models and we have All constant values are reported in Table 5 . A good agreement exists between the two calculation approaches, except for the k 3 ' value for 3,5-(CH 3 ) 2 C 6 H 3 ;3,5-(CF 3 ) 2 C 6 H 3 -BIAN, which appears to be overestimated. Tables 4 and 5 , respectively) upon an increase in benzoquinone amount, which may be due to the approximations in neglecting the deactivation before the gas consumption starts to be measured.
However, it is k 3 ' that is most affected, decreasing from 1.03×10 3 to 170. This variation is in agreement with the literature about the role of the oxidant that affects catalyst stability but not catalytic rate.
48, 49
General trends in the activity vs. time plots
The fitting procedure allows to estimate the values of the rate constants for both the propagation step of the polymer chain and the decomposition pathway of the catalyst for the two vinyl arenes and to correlate them to the nature of the Ar-BIAN bonded to palladium (Tables 2 and 3 ). The CO uptake curves with time highlight that all the studied Ar-BIAN catalysts were found more active in CO/styrene than in CO/4-Me-styrene copolymerization. This trend is in agreement with the productivity data obtained in the batch copolymerization reactions, 17 but is the opposite of that found in the case of the phenanthroline-containing catalysts. 21, 43 The kinetic analysis shows that the higher activity of the present catalysts in the CO/styrene copolymerization is also associated with a faster deactivation, since not only k 1 , but also k 3 values are consistently higher than in the case of 4-Me-styrene (Tables 2 and 3) . The values of the kinetic constants highlight that in the series of the catalysts with the symmetric Ar-BIANs, those with electron-donating substituents show the lowest propagation and decomposition rate, while the ligands symmetrically substituted with CF 3 or F yield the most active catalysts, but also show the highest deactivation rate, in particular in the CO/4-Mestyrene copolymerization. These trends are in agreement with simple considerations about the coordination chemistry of the two comonomers: electron-donating substituents increase the electron density on palladium, disfavoring the nucleophilic attack of the alkene and increasing the π-back donation to CO, resulting in a stronger bond to the metal center. This in turn enhances its competing role, the combination of which effects being a slow reaction rate. On the other hand ligands with electron-donating substituents are stronger bonded to palladium and, since the decomposition pathway requires ligand dissociation, the catalysts are more stable. On the contrary, electronwithdrawing substituents decrease the electron density on the metal center favoring the attack of the alkene and decreasing the π-back donation to CO. The combination of these effects being a higher reaction rate. On the other hand ligands with electron-withdrawing substituents are weaker bonded to palladium resulting in less stable catalysts. These considerations are correct from a general point of view, nevertheless, in peculiar cases the explanation is more complex. Indeed, the introduction of CF 3 groups on the ancillary ligands of catalysts for polymerization was reported to result in either positive or negative effects depending on the position of the group with respect to the metal center.
For instance, Ni(II) complexes with symmetrical o Ar-BIANs substituted on one ortho position only with a CF 3 group catalyzed ethylene polymerization leading to oligomers instead of polymers for steric reasons, but with higher TOF than the catalyst with the related CH 3 substituted ligand for electronic effects. 50 Instead, when the CF 3 group is in a proper remote position of the ligand, as it is the case for nickel-phenoxyiminato catalysts, an enhancement of catalyst activity and thermal stability, and of molecular weight of produced polyethylene was observed. These effects were attributed to C-H---F-C interactions between the hydrogen atom on the β-C atom of the growing polymer chain and the fluorine atom of the ligand, rather than to inductive effects. 51 In the present investigation the introduction of CF 3 groups on meta positions of the aryl rings has a detrimental effect on catalyst stability, despite the positive effect on catalyst activity.
This kinetic investigation highlights that among the catalysts with the nonsymmetrical ligands that with ligand 3 is the most active and the slowest to decompose for CO/4-Me-styrene.The same is valid for CO/styrene but in this case the catalyst with ligand 1 is more active (Tables 2 and 3) . By analyzing all the data as a whole, it is clear that the catalyst with ligand 3 represents the best compromise between activity and rate of deactivation. By supposing that catalyst deactivation proceeds through ligand dissociation, the observed slow deactivation is in agreement with the higher stability of the active species thanks to the shorter Pd-N bond distances observed in solid state in the neutral palladium derivative.
Further details of the catalyst decomposition pathway
The faster catalyst deactivation observed with ligands bearing electron-withdrawing groups may have different origins, including formation of complexes bearing two Ar-BIAN ligands and the comproportionation reaction of monomeric palladium(II) and palladium(0) complexes also having a bound ligand. However, the fact that all data point to a ligand dissociation step during the early (kinetically relevant) stages indicates that a deactivation process of the kind described should be a minor pathway during catalyst deactivation and the ligand must be lost at some stage, even if it may be regained at a later stage.
In addition, one has to take into account the positive role of benzoquinone in retarding catalyst decomposition. Benzoquinone is known to act as an oxidant towards palladium(0) complexes and the mechanism of its action has been investigated. 52 In addition, complexes of the kind [(N-N)Pd(BQ)] (N-N = 2,2′-bipyridine, Ar-BIAN) are known and can be intermediates in the palladium(0) reoxidation. [53] [54] [55] Oxidation even of palladium(I) dimers by benzoquinone has been considered to be a possibility, 56 but, to the best of our knowledge, such a process has never been experimentally observed. The fact that catalyst deactivation follows a second order kinetics with respect to palladium suggests that such a dimer oxidation either does not occur at all or is sensibly slower than the oxidation of palladium(0) and only occurs in a few cases. Otherwise a higher order in palladium should be observed for the decomposition. Thus we will not consider palladium(I) reoxidation as a possibility in the following.
As far as ligand dissociation is concerned, we have two main alternatives. In the first (Path a in Scheme 5), the ligand is lost from a palladium(II) compound, to yield a less stabilized and more easily reducible species. The ligand (L in the Scheme) substituting Ar-BIAN may be a solvent molecule, CO or the olefin. P is the growing polymer chain and may also play the role of a ligand. It should be noted that a substitution of an Ar-BIAN ligand bound to a palladium(0) complex by an olefin as a key step in catalyst deactivation is also consistent with the observed higher instability of the catalytic system when styrene rather than 4-methylstyrene is employed as substrate. In fact it has long been known that electron-poor olefins coordinate better to palladium(0) complexes than those lacking this feature and some quantitative data on this trend have been recently gained. 
Reactivity studies
Catalytic and kinetic investigations show that Pd complexes containing nonsymmetrical ligands generate better performing catalysts than those with symmetrical Ar-BIANs. To get some insights about the nature of this phenomenon we investigated by means of NMR spectroscopy the reactivity of complex 1d, having the nonsymmetrical ligand 1, with both comonomers, CO and 4-Me-styrene (Scheme 6). The Pd-carbonyl-methyl complex 1d represents the active species and it was obtained in high yield as a red solid through reaction of the corresponding Pd-acyl-chloride species 1c with a stoichoimetric amount of NaBArF. In complex 1d, in place of the PF 6¯ counterion, the less coordinating tetraarylborate is present to favor alkene insertion in the stoichiometric reactions. In turn, 1c was isolated as a dark green solid by dissolving 1a in dichloromethane previously saturated with carbon monoxide at -20 °C (Scheme 6). It is straightforward to note that, whereas 1a and 1d
complexes are a mixture of trans and cis isomers in the ratio 10 : 1 and 3 : 1, respectively, in the NMR spectrum of 1c only the signals of the isomer featured by the acetyl group trans to the CF 3 -substituted aryl ring are observed. proposed to be at the origin of the inactivity of palladium complexes with diphosphine ligands (P-P)
in the CO/vinyl arene copolymerization, in contrast to the activity of the related complexes with the phosphino-phosphite ligand BINAPHOS, leading to the metallacycle intermediate. 63, 64 In the latter case it was demonstrated that the CO insertion into the Pd-allyl bond is much less efficient than into the Pd-alkyl bond. 65 The observation in the NMR-2D-NOESY spectrum of 1e of a strong cross-peak between H a of styrene unit and H ortho of the CH 3 -substituted aryl ring, together with the lack of such interaction with the H ortho of the CF 3 -substituted aryl ring, probes evidence that only the isomer featured by the Pd-C bond trans to the Pd-N bond of the CF 3 -substituted aryl ring is formed. This compound is the result of two migratory insertions: the migratory insertion of CO into the Pd-CH 3 bond followed by that of 4-Me-styrene into the Pd-acyl bond which takes place with secondary regiochemistry, exclusively.
In the next step the reactivity of 1e with CO was studied by bubbling the gaseous reagent into the Thanks to this NMR investigation it was possible to detect the intermediates formed at the beginning of the copolymerization reaction and to demonstrate that when the ancillary ligands are nonsymmetrical molecules there is a preferential coordination site for the growing polymer chain, that is trans to the N atom with lowest Lewis basicity. Thus, each time this is not the isomer resulting from the migratory insertion, an isomerization process takes place before the next insertion reaction to proceed. For the present complexes there is a site selective coordination of the growing polymer chain. This phenomenon is well known as back-skip in the catalytic synthesis of isotactic polypropene. 66 In the case of CO/alkene copolymerization the site selective coordination of the alkene was observed for both palladium complexes with amine-imine ligands, 27 with hybrid P-N ligands 48 and with the phosphino-phosphite (P-PO) molecule BINAPHOS. 67 A mechanistic hypothesis involving cis/trans isomerization was invoked.
Very recently both in the polyethylene synthesis and in the ethylene/methyl acrylate copolymerization catalyzed by Pd-complexes with phosphino-sulfonate (P-O) ligands the cis/trans isomerization was indicated as an important step of the catalytic cycle. 68, 69 In all the mentioned examples the preferential polymer chain coordination site is determined by an electronic differentiation of the two donor atoms, i.e. hard and soft for the P-O and N sp3 -N sp2 ligands, or trans influence in the hybrid P-N catalysts. For the catalysts with the bis(imine) Ar-BIANs, topic of the present investigation, the difference in the electronic features of the two N-donor atoms should be less pronounced than that in the other two series. Nevertheless, it appears to be sufficient to drive the preferential coordination of the polymer chain.
Conclusions
Palladium complexes with α-diimine ligands having an acenaphthene skeleton and aryl rings on the imine nitrogen atoms have been widely applied as homogeneous catalysts for (co)polymerization reactions. In the past we demonstrated that up to now the best performing catalysts within this ligand family, both in the CO/vinyl arene and ethylene/methyl acrylate copolymerization, are featured by nonsymmetrically substituted Ar,Ar′-BIANs. The library of the Ar,Ar′-BIANs has been now extended to a new molecule featured by a meta-F-substituted aryl ring and a meta,paramethoxy-substituted ring.
The kinetic study together with its modelization reported in this paper allows to quantitatively distinguish between catalyst activity and its decomposition rate and to mainly correlate them to the electronic properties of the substituents on the aryl rings. Catalysts having symmetrical Ar-BIANs substituted with electron-donating groups show the lowest propagation and decomposition rate;
whereas those having symmetrical Ar-BIANs substituted with electron-withdrawing groups yield the most active catalysts, but with the highest deactivation rate. Thus, the best performing catalysts are those with the nonsymmetrical Ar,Ar′-BIANs and, among them, the active species with the new ligand 3 represents the best compromise between activity and rate of deactivation.
When studying a catalytic system one usually tries to employ experimental conditions that minimize catalyst decomposition and quantitative kinetic studies are usually performed only under conditions in which decomposition is negligible. In this work we have quantitatively investigated the behavior of a series of catalysts that deactivate to a variable and sometime high extent. This allowed us to gain important information on the catalyst deactivation pathways, which are probably much more general. The deactivation was shown to involve the following steps:
1) Palladium reduction from +2 to zero oxidation state. This step can be reverted easily by reaction with benzoquinone;
2) Chelating ligand loss, likely by displacement by the olefin or CO. Reoxidation after ligand dissociation appears not to compete effectively with the next step in the deactivation;
3) The resulting palladium(0) complex reacts with another palladium(II) unit to generate a palladium(I) dimer that cannot be oxidized back under the reaction conditions and either accumulates or irreversibly evolves towards metallic palladium.
These results suggest two strategies to increase catalyst life. Since ligand loss is an equilibrium reaction, this should be shifted to the reactants side by adding an excess of free nitrogen ligand in solution, resulting in catalyst stabilization. In addition, if ligand loss is favored by simultaneous olefin coordination, decreasing olefin concentration may also result in a more stable catalytic system, although activity may also decrease. These strategies will be investigated in the future and will be the topic of a future work.
Experimental
Materials and methods
[Pd(OAc) 2 ] was a gift from Engelhard Italia and was used as received. All the solvents were purchased from Sigma-Aldrich and used without further purification for synthetic, spectroscopic and catalytic purposes, with the only exception of the dichloromethane used for the synthesis of complexes, which was purified through distillation over , and dry methanol (60 mL). The suspension was stirred under dinitrogen for 2 hours, then it was evaporated in vacuo and the obtained solid was washed with a hexane/toluene 1:1 mixture (10 mL). The remained solid was dissolved in dichloromethane (25 mL) in a separating funnel and decomplexed by shaking with a saturated solution of potassium oxalate (10 mL). The organic layer was separated and washed with water (3 x 10 mL). The organic layer was then dried over sodium sulfate, filtered and evaporated in vacuo. The products was purified by column chromatography on silica (eluent hexane/triethylamine 9.5:0.5). The nonsymmetrical ligand was eluted first (220 mg, 52 % yield), followed by some [3,4,5- 
Synthesis of Pd Complexes.
All syntheses were performed using standard vacuum-line and Schlenk techniques under argon atmosphere and at room temperature, according to the published procedures. A solution of the Pd catalyst and 1,4-benzoquinone in trifluoroethanol (20 mL) was prepared and the reactors were charged each with 5 mL of the catalyst solution as well as 3 mL of the alkene comonomer. The atmosphere was exchanged with carbon monoxide (gas exchange cycle 1) and the reactors were pressurized to the desired value. After heating to the desired temperature (30 °C), the final pressures were adjusted and kept constant throughout the experiment. The carbon monoxide uptake was monitored and recorded automatically.
X-ray crystallography
Collection data of 1a and 3a were carried out at room temperature on a Nonius DIP-1030H system equipped with Mo-Kα radiation (λ = 0.71073 Å). Cell refinement, indexing and scaling of the data sets were carried out using Denzo 70 and Scalepack. 70 The structures were solved by direct methods and subsequent Fourier analyses 71 and refined by the full-matrix least-squares method based on F 2 with all observed reflections. 71 All the calculations were performed using the WinGX System, Ver 1.80.05. Palladium catalysts having nonsymmetrical α-diimines show, in the CO/vinyl arene copolymerization, better performance than those with the corresponding symmetric ligands. The reasons for this behavior have been investigated by kinetic methods, modelization, and mechanistic studies. 
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